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FOREWORD
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ABSTRACT

An experimental program was conducted to determine the plane strain
fracture toughness (KIC) of the following classes of high-strength materials:

1. AISI Alloy Steels (4340, 4140)
2% 5 Cr - Mo - V Steels

3. Precipitation-Hardening Stainless Steels (17-7 PH,
PH 15-7 Mo, 17-4 PH, AM 355)

4. Titanium Alloy, Ti-6A1-4V

The precracked notched bend test was used as the test method and
several heats of each material were evaluated over a range of test temperatures
from -100 to +#200°F. The KIC values, obtained under conditions which were
believed to provide valid plane strain fracture toughness numbers, were compiled
for possible presentation in handbook form. The method of presentation involved
plotting Kic both as a function of material strength and test temperature. The
resulting curves provide representative KIC figures which can aid in the selection
of materials for reliable performance.

{Distribution of this abstract is unlimited).
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SECTION I

INTRODUCTION

In selecting ultra high-strength materials for high strength-to-weight
application, the designer must give considerable attention not only to the smooth
strength capabilities of the material but must also evaluate the reliability of
the material in terms of its resistance to brittle crack propagation. Although
the need for a definitive criterion to rate the brittle fracture susceptibility
of a material has long been recognized, the development of suitable test methods
which yield quantitative design parameters has only recently been developed (1)*.
These test methods, which are based on fracture mechanics concepts, produce an
evaluation parameter thatcan be obtained from simple laboratory tests and sub-
sequently used to predict the load-carrying capacity of full-size components.

The availability of fracture mechanics, along with the confidence
obtained through current usage, has made it possible for a plane strain fracture
toughness parameter (K C) to be considered for handbook presentation. Prior to
this time, handbook da%a have been restricted to conventional smooth strength
properties since the common parameters used to define material reliability, such
as notch tensile strength or impact energy are dependent on specimen geometry
and are not material constants. On this basis a notch toughness parameter could
at best provide only a relative indication of material properties and then only
if the specimen geometries were comparable. The fracture toughness parameter
(K C) however, can in principle be obtained from a number of different test methods
ané provide a meaningful material constant.

The purpose of this program was to provide fracture toughness data (K C)
for selected alloys so that the values could be considered for presentation in
handbook form as a standardized material rating parameter. Emphasis was placed
on experimentally determining K values for materials and test temperature regions
that are not currently available.

* Numbers in parentheses pertain to references on Page 44.



SECTION II

MATERIALS AND PROCEDURE

The materials selected for the test program are summarized in Table 1
along with code designation, the form, and the handbook reference. Specimens
from at least two heats of each type of material were evaluated over a range of
test temperatures from -100 to +200°F. The compositions of the test materials
are given in Table 2 along with the vendor and heat number. The method of heat
treatment and the room temperature smooth strength properties obtained from the
treatment are summarized in Table 3.

The smooth tensile properties of each of the material variables were
determined using specimens having the configurations shown in Figure 1. The tests
were conducted at a crosshead speed of 0.01 in/min. which was equivalent to a
0.01 in/in/min. strain rate in the smooth tests and an increase in nominal stress
between 100,000 and 10,000 psi/min. in the notch tests.

Notch bend tests on precracked specimens were used to determine the
plane strain fracture toughness (K;.). During the initial phases of the program,
four-point loading was employed in accordance with the method described in
AFML-TR-65-213 (2). When the ASTM practice involving three-point loading was
published (3), the test method was changed to be in accord with this recommendation.
The specimen geometry is summarized in Figure 2 along with the formulae used to
calculate KIC' Precracking of the specimens was performed at room temperature
after heat treatment by tension-tension loading as a cantilever beam using a peak
stress that was approximately 20% of the yield strength and a loading frequency
of 1800 cpm.

The current ASTM-recommended practice (3) involves using a chevron notch
as a crack starter and a final crack depth-to-width ratio (a/W) of 0.5. 1In addition,
a clip-type displacement gage which fits directly into the notch is suggested for
maximum crack detection sensitivity (5). Previous test recommendations however
involved a straight-sided crack starter and an (a/W) ratio of approximately 0.2.
Deflectometers using linear voltage differential transformers placed on the load-
ing arms were also used to detect the point where plane strain crack growth 1is
initiated rather than the more sensitive clip gage.

During the course of the test program, the methods summarized in Table
4 were employed to measure K__. In selected instances the methods were compared
on the basis of the effect oEccrack size and the method of crack detection (LVDT
deflectometer placed on the loading arm versus displacement gage placed in the
notch).

A critical factor in determining K__ is selecting the load (P) which
corresponds to a finite degree of crack grow%g to provide a definitive K, value.
The practice used for selecting the load in this program, conformed to that
recommended by ASTM, and is shown schematically in Figure 3. The curve types
designated as Class III involved specimens where the initiation of slow crack
growth corresponded to total specimen failure. In this case, the load displace-
ment curves showed no deviation from linearity and comparable results were
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obtained with both the LVDT deflectometer placed on the loading arm and the beam
gage placed in the notch. In the case of the curve types designated as Class I

or Class II, a secant line (OPg in Figure 3) was drawn through the origin with

a slope 3% less than the tangent OA. If the load on every point on the record
which preceded P5 was lower than PS’ then Pg was used to determine Kig provided
that the deviation of the OP5 from OA was less than 1/4 at a point which was 0.7
of P.. If this latter condition was not met, then the fracture toughness value
was not considered valid. If a load existed which was greater than Pg, then this
maximum load was used to calculate Kyg. Since these criteria are still open to
further discussion, the method used to determine the Kjc value was recorded in

the tabular presentation of the data. A comparison between the LVDT placed on the
loading arm and the beam gage in the notch for Class I type curves indicated that
the beam gage provided increased sensitivity. From a test parameter standpoint,
the Kyc values obtained from the Class I curves were approximately 4% lower when
the beam gage was employed. In the case of the Class II curves no difference in
the selected load for calculating Kyc was observed as a function of pick-up method.

The measurement of valid plane strain fracture toughness (KIC) values
is dependent on using a specimen with sufficient size so that the plastic zone
at the crack tip is relatively small with respect to the overall dimensions of
the specimen. A relatively large quantity of data is available which indicates
that in the notch bend test, the specimen width (B) should bed>2.5 times the square
of the fracture toughness-to-yield strength ratio (K/FTY)2 (1,2). The second
criterion with respect to specimen dimensions deals w1th the crack size (a).
Although the ASTM recommendatlon is that a>» 2.5 (K/FTy) data exist which indicate
that lfél)(K/FTY) , the fracture toughness deviates by less than 5% from the
values obtained with a > 2.5 (K/FTY) (6). In the presentation of the experimental
data, the tables giving the calculated fracture toughness will also present the
(K/F )2 ratio. 1In the plotted curves, only those fracture toughness values which
have been obtained under conditions were B> 2.5 (K/FTY)2 and a > (K/FTY) were
considered as valid Ky; numbers. 1In every case where the crack growth curve did
not conform to the conditions for validity, the specimen size also did not conform
to the required range so that the use of the geometrical requirements was a
sufficient condition for rejection of invalid values.

At both the low and high temperatures, notch bend tests were performed
by submersing the specimen and fixture in either a acetone dry ice bath or a
mineral oil bath heated by an immersion heater. The smooth tensile tests below
room temperature were conducted by placing the test rig in a cold box where the
temperature was maintained by liquid nitrogen vapor automatically controlled by
the thermocouple output through a low temperature solenoid. At temperatures
above room temperature, the smooth tests were conducted in a resistance-heated
furnace.
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SECTION TIII

RESULTS AND DISCUSSION

The detailed presentation of the tests results is given in Tables A-1
through A-37 in the Appendix and the data are summarized graphically in Figures 4
through 23. For purposes of discussion and subsequent presentation in a format
for possible handbook use, the materials were categorized according the the
following classifications:

(1) AISI Alloy Steels (4340,codes 1 and 2; 4140, code 3),

(2) 5 Cr-Mo-V Steels (Mod H-11, codes 4, 5, and 6),

(3) Precipitation-Hardening Stainless Steels (17-7PH, codes
y 7, 8, 9, and 10; PH 15-7 Mo, codes 11, 12, 13, and 14; 17-4
= PH, codes 15 and 16; AM 355, codes 17, 18, and 19),

(4) Titanium Alloy (Ti6A1-4V), code 20).

1 AISI Alloy Steels

The fracture toughness of the 4340 steel, heat treated to a 220 Ksi
yield strength is presented in Figure 4. Although all heats of material showed
similar fracture toughness, there was a tendency for heat B to have Kyc values
slightly below heats A or C. The fracture toughness of the 4340 at a room
temperature tensile strength of approximately 210 Ksi is shown in Figure 5. At
this strength level, the Kyg values at test temperatures of 75 and 200°F were
not considered valid because of insufficient crack length. At the lower temper-
atures, considerably greater differences in Kic were observed between heats than
was apparent in the higher strength level material with heat B showing the lowest
values. The 4140 steel (Figure 6) exhibited toughness values that were generally
lower than those obtained in the 4340 heat treated to the same strength level.

In the case of the tests conducted on 4340 steel, heat treated to the
220 Ksi yield (code 1), both the chevron crack starter with an a/W ratio of
approximately 0.5 and straight-front crack starter with an a/W ratio after pre-
cracking of approximately 0.2 were evaluated. Representative specimen profiles
along with the Kyg values are shown in Figure 7. The results indicate that when
sufficient crack size 1s present, both methods provide comparable toughness values.

2. 5 Cr-Mo-V Steel

The data for the 5 Cr-Mo-V steel, heat treated to room temperature,
tensile strength levels of 275, 260 and 240 Ksi are presented in Figures 8, 9,
and 10. Due to the low toughness of the material at the higher strength levels,
considerable problems were encountered with quench cracking and with total failure
during the fatigue precracking operation. The agreement in K;; between heats
A and B at the 260 Ksi tensile strength level was good. In addition, excellent
agreement was also obtained between specimens designated 4A and 4Al which were
taken from the same heat but heat treated in different batches to the same strength
level. A comparison between the 5 Cr-Mo-V and the 4340 steel at both the 260 and
240 Ksi room temperature tensile strength levels indicates 'the superior toughness
of the 4340.

12
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3ia Precipitation-Hardening Stainless Steel

Data for the 17-7 PH type of precipitation-hardening stainless steel
are given in Figures 11 through 14 (codes 7 through 10). Many of the toughness
results, particularly at the lower strength levels, cannot be considered as valid
Kic values due to insufficient specimen thickness or crack length. In the plotting
of the data those values which did not satisfy the criteria for valid Kig were
clearly indicated by a 'boxed" symbol. The fracture surface of the precipitation
hardening stainless steels often exhibited a strong tendency for internal de-
lamination presumably as a result of the presence of free ferrite. Typical
examples of these delaminations are shown in Figure 15. In general, the fracture
toughness was greater in the specimens which exhibited the larger degree of
delamination probably as a result of the decreased constraint produced by the
internal free surface. In some cases the degree of delamination varied with
position of the specimen within the plate and this factor contributed to the
scatter in Kyg between replicate specimens. For example, specimen 7C7-1 exhibited
a Class III curve (total failure at maximum load) and had a Kic value of 64.0
Ksi V-;H, A replicate specimen 7C7-2 however showed a Class I type curve and had
a KIC of 101.4 Ksi V in. The fracture surface of 7C7-1 showed no internal de-
lamination while specimen 7C7-2 exhibited considerable splitting along the fracture
path. In this case a direct correlation was present between the degree of de-
lamination present on the fracture surface and the fracture toughness value.

Smooth strength and fracture toughness values for the PH 15-7Mo steel
are given in Figures 16, 17, and 18. The K;; at the RH 950 condition was almost
halt that obtained at the TH 1050 treatment. The results indicate the strong
dependence Oof the K;. value on heat treat condition in the precipitation-hardening
stainless steels.

The data for 17-4 PH and AM 355 stainless steels are given in Figures 19,
20, and 21. As in the case for the PH 15-7 Mo Steel, the 17-4 PH toughness showed
a rather significant decrease between 75 and -50°F and little additional variation
when the testing temperature was further decreased to -100°F. Much of the data
obtained for the AM 355 steel did not produce valid KIC values due to insufficient
specimen size.

The variation of room temperature plane strain fracture toughness with
tensile strength is shown in Figure 22 for the precipitation-hardening steels in
plate form. The data for the 17-7 and 15-7 defined a consistent relationship
while the results obtained on the 17-4 were significantly below the average curve.
In the case of the 17-7 and 17-4, the specimens obtained from bar stock (codes
10 and 16) produced Kic values considerably above those obtained for the plate
material. In the test conducted with the 15-7 Mo, the reverse was true. In the
15-7 Mo no delamination in the fracture surface was present in the bar material
and on this basis, the lower fracture toughness may be due to a decrease in free
ferrite concentration.

If the data obtained for the 17-7 or 15-7 steels at -100 or -50°F is
plotted on Figure 22 using the smooth strengths obtained at the specific test
temperatures, then the K{g is considerably below that defined by the room temper-
ature curve. On this basis, the decrease in fracture toughness which occurs as a
function of test temperature cannot be explained solely on the basis of the
increase in smooth strength properties.

20



ns s

STRESS, Ksi

STRESS INTENSITY FACTOR (K), Ksi ,/IN

220

200

180

100

130

110

90

70

50

30

/
N
C
s
5
v
o
Z
&
-
ba
q
—
<

\\\
/ o\\'\
0.2% YIELD STRENGTH \%
(Fry)
BOXED DATA DOES NOT .
CONFORM TO CURRENT
CRITERIA FOR VALID sl e

VALUES

o HEAT A
e HEAT B
A HEAT C

| | | | |

-200 -100 0 100 200
TEST TEMPERATURE, ©F

FIGURE 11 SMOOTH STRENGTH AND FRACTURE TOUGHNESS
OF 17-7 PH STEEL, CODE 7, TH1050.

21




TENSILE STRENGTH (Fry), Ksi

STRESS INTENSITY FACTOR (K), Ksi {IN

220

200

180

160

140

100

80

60

40

20

T I T | |
“a
\.\\m ]
F
\.\\ %
—
u — .. .§§
~ Fry (READ RIGHT)
A O
\\\%
\F~—-—-—“————X —__‘
rd
o/
’
P 4
o HEAT A / I
* HEAT B / /
/ r
4 HEAT C /
/ /
/ r
# il | ]
/ /7
7 /
/ /7
/ P
/ A
o) A’ / —
/ 7
/" A
®
(Y4
7° BOXED DATA DOES
2 NOT CONFORM TO
CURRENT CRITERIA
FOR VALID K|c VALUES
| | | il |
-200 -100 0 100 200
TEST TEMPERATURE, °F
FIGURE 12 SMOOTH STRENGTH AND FRACTURE TOUGHNESS

OF 17-7 PH, CODE 8.

22

220

200

180

160

140

sy “(ALJ) HIONIYLS @1IIA



e

STRESS, Ksi

200

190

180

TENSILE STRENGTH
YIELD STRENGTH

Y

7272222

*DOES NOT CONFORM TO
CURRENT CRITERIA FOR
VALID Kj¢ VALUES

K VALUE
*
R

110

100

90

80

70

60

50

FIGURE 13 SMOOTH STRENGTH AND FRACTURE TOUGHNESS OF 17-7 PH
STEEL, CODE 9, ROOM TEMPERATURE TESTS.

23

NI A s ‘() ¥OL1DVd ALISNILNI SSIULS



Ksi

STRESS,

230

220

210

200

190

Y TENSILE STRENGTH
YIELD STRENGTH

K VALUE

%

HEAT A B c A B G

FIGURE 14  SMOOTH STRENGTH AND FRACTURE TOUGHNESS OF

STEEL, CODE 10, ROOM TEMPERATURE TESTS.

24

O
o

80

70

60

(8}
o

NI 1) /()

dJOL1OVd4 ALISNILNI SSIYIS

17-7 PH



CODE 9, HEAT B

CODE 9, HEAT A

£ud
)

HEAT C

7

CODE 7

HEAT C

’

CODE 7

FIGURE 15 TYPICAL EXAMPLES OF DELAMINATIONS IN FRACTURE

SURFACE OF 17-7 PH STEELS TESTED AT ROOM

TEMPERATURE, 1.5X

25

L398A



STRESS, Ksi

STRESS INTENSITY FACTOR (K), Ksi V IN

230

210
190 |-
170

150 -

<

T T I T |

ULTIMATE STRENGTH
+ {Frin) i
No~§ J
\\ ~\§°§s <

*l \--§§ —

>\+—/ i_

0.2% YIELD STRENGTH s —_——— F
(Fry)

o 4 HEAT A
e 4+ HEATB

120 |- BOXED DATA DOES NOT =

CONFORM TO CURRENT o

CRITERIA FOR VALID K|C

VALUES

/
100 | —
80 | -
60 I -
40 + —
20 | | | | |
-200 -100 0 100 200

TEST TEMPERATURE, ©F

FIGURE 16 SMOOTH STRENGTH AND FRACTURE TOUGHNESS OF PH 15-7 Mo

STEEL, CODE 11, TH 1050.

26



7238

STRENGTH, Ksi

STRESS INTENSITY FACTOCR (K), Ksi yIN

280

260

240

220

200

180

80

60

40

20

I | I I T
ULTIMATE STRENGTH (FTU) —
o
\g
Ne o)
(o] ° ]
/ :
0.2% YIELD STRENGTH .\
(Frvy) g
o
°
Kic _
\
°
o
s o
.._1
o HEAT A
® HEATB
| | | | |
-200 -100 0 100 200

TEST TEMPERATURE, °F

FIGURE 17 SMOOTH STRENGTH AND FRACTURE TOUGHNESS
OF PH 15-7 Mo STEEL, CODE 12.

27



STRESS INTENSITY FACTOR (K), Ksi VIN

ho &
Sw 5
NI ///iid B
-
A v <
| | 1 [ | W

IsY “SSIYLS

STRESS INTENSITY FACTOR (K), Ksi VIN

o o o o o
7 6 5 4 3
_

|

I I

2 b o=

2. Z O

S]%N

285 & DAMMMIMIDMDISY

wmmm 7277

= = RALMIMIMIIITY
2 N W22

| | | |

Is) ‘SSIYLS

A

HEAT

SMOOTH STRENGTH AND FRACTURE TOUGHNESS OF

FIGURE 18

PH 15-7 Mo STEEL, CODES 13 AND 14, ROOM TEMPER-

ATURE TESTS.

28



STRESS, Ksi

STRESS INTENSITY FACTOR (K), Ksi VIN

240 1 | | | 1
220 ULTIMATE TENSILE STRENGTH (Fy())
o /
200 | ~ 1
o \\o
180 | °\\\ —
~o0
o\\
160 F 0.2% YIELD STRENGTH ~t
(Fry) o\\
140 1
% | o
BOXED DATA DOES
NOT CONFORM TO "
80 I CURRENT CRITERIA / T
FOR VALID K|c /
70 | o HEATA VALUES / N
e HEATB /
60 | _
s0 | _
o]
40 | _
[
30 — o 8 ]
20 | -
10 | -1
o | | 1 | |
-200 -100 0 100 200
TEST TEMPERATURE, °F
FIGURE 19  SMOOTH STRENGTH AND FRACTURE TOUGHNESS OF 17- 4PH

STEEL, CODE 15.

29



STRESS, Ksi

STRESS INTENSITY FACTOR (K), Ksiy IN

220 T T 1 T I

/ ULTIMATE TENSILE STRENGTH (Fy()
200 } A -
180 |- -
e
160 R
0.2% YIELD STRENCTH
F
140 | Fry) -

BOXED DATA DOES NOT
100 CONFORM TO CURRENT _{
CRITERIA FOR DETERMINING

VALID Kjc VALUES
90 | =l

®0
|

80

®0

e

50 |~ -

°© HEAT A -
® HEAT B

30 ] | | | ]

-200 -100 0 100 200
TEST TEMPERATURE, ©F

40

FIGURE 20 SMOOTH STRENGTH AND FRACTURE TOUGHNESS OF AM 355
STEEL, CODE 17,

30



7328

STRESS, Ksi

STRESS INTENSITY FACTOR (K), Ksiy IN

220

200

180

160

140

130

120

110

100

90

80

70

60

50

@ ULTIMATE TENSILE STRENGTH -
Pl (Fru)

o
- —.\L 1
o o —
Y
/ ? N ¢
— =~ \O =
0.2% YIELD STRENGTH T
i .
° o
._’ [ ]
» (]
BOXED DATA DOES NOT
i CONFORM TO CURRENT J
CRITERIA FOR VALID K¢
VALUES O
- 0 =
0
Y
i o HEAT A .
e HEAT B
O HEAT C
| | | | |
-200 -100 0 100 200

TEST TEMPERATURE, °F

FIGURE 21 SMOOTH STRENGTH AND FRACTURE TOUCGHNESS OF AM 355
STEEL, CODE 19.

31



FRACTURE TOUGHNESS (K|c), Ksi VIN.

130

120

110

100

90

80

70

60

50

40

30

20

l

T T T T T
® 17-7PH PLATE

O PH 15-7 Mo PLATE
O AM355 PLATE

PH17-4 PLATE —

1 | | 1

160 180 200 220 240
TENSILE STRENGTH, Ksi

FIGURE 22 VARIATION IN ROOM TEMPERATURE FRACTURE TOUCHNESS WITH

STRENGTH LEVEL FOR PRECIPITATION - HARDENING STAINLESS
STEELS IN PLATE FORM.

32



4., Titanium Alloy (Ti-6A1-4V)

The variation of smooth strength properties and fracture toughness of
three heats of the Ti-6A1-4V alloy as a function of test temperature is given in
Figure 23. The data were considered as representing valid Kic values at all test
temperatures. An interesting feature was the relatlve insensitivity of Kyg to
variations in test temperature from 475 to -100 °F.

5. Applicability of Data to Handbook Presentation

The presentation of data in a design handbook, such as MIL Handbook 5
is done in one of two ways. The first method uses statistical techniques to
list the limits in design properties, such as tensile strength, yield strength,
bearing strength, etc. The second method used for fatigue properties and temper-
ature effects involves the presentation of typical data in the form of representa-
tive property curves. Due to the relatively small quantity of data available and
the variance between heats, the K;s; fracture toughness parameter lends itself more
readily to the second method of presentation which involves giving typical data
in graphical form.

The fracture toughness values generated in the current program were
supplemented with data available in the literature which was considered valid.
The criteria that were used to determine the acceptance of the additional data
are presented in the Appendix. The data are summarized in Tables A38 through
A40. The recent compilation developed by Wessel, Clark, and Wilson was primarily
used to acquire the literature data (7).

The format selected involves presenting curves for each material. When
sufficient data are available, the K- at room temperature is plotted as a
function of tensile strength level. The second form of presentation gives the
Kic as a function of temperature. In this case, the fracture toughness is shown
as a ratio of the Kyg at the specific test temperature to the Kyc at room temper-
ature. The fracture toughness values presented in this manner are given in
Figures 24 through 30 for the various classes of materials listed in MIL Handbook
S

The data for the low alloy steels (Figure 24 consists mostly of results
obtained with 4340 steel. A slight mlnlmum in Kyg occurs in the strength region
which corresponds to irreversible "500 i temper embrittlement. Above a tensile
strength of approximately 230 Ksi, the K{s increases relatively rapidly. The
variation in fracture toughness with temperature for the 4340 steel, heat treated
to the 260 Ksi tensile strength level, is shown in Figure 25. Although the data
are limited, this relationship appears to predict with reasonable accuracy the
variation in K;; which also occurs in the 4140 and 4340 alloy steels heat treated
to lower strength levels.

The variation in K- as a function of strength level is shown in Figure
26 for the 5 Cr-Mo-V steels. The data obtained on sheet, bar and plate were
combined since no definite difference appeared to exist as a function of material
form., The variation in fracture toughness as a function of test temperature
(shown in Figure 27) was comparable to that exhibited by the 4340 steel.
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FIGURE 28 VARIATION IN ROOM TEMPERATURE FRACTURE TOUGHNESS

WITH STRENGTH LEVEL FOR PRECIPITATION - HARDENING
STEELS (17-7PH, PH15-7 Mo, AND AM355) IN PLATE FORM,
ROOM TEMPERATURE TESTS.
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PER CENT Kjc AT ROOM TEMPERATURE
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40



=8
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FIGURE 30 VARIATION OF FRACTURE TOUGHNESS WITH STRENGTH LEVEL FOR
VARIOUS STEEL TYPES.
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The variation of KIC with strength level and temperature for the pre-
cipitation-hardening stainless steels are summarized in Figures 28 and 29,
Relatively little data on these materials are available in the literature and
the majority of results shown in these figures was produced by the current experi-
mental program. In the -50 to +75%‘range, the decrease in KIC with decreasing
temperature was greater for the precipitation-hardening stainless steels than for
the 4340 or 5 Cr-Mo-V steels.

The comparison of the fracture toughness as a function of the various
steel classes is shown in Figure 30. Above 240 Ksi, the 4340 steel type had a
toughness which was significantly greater than the 5 Cr-Mo-V steels, however, at
the lower strength levels, the two steels possessed comparable properties. The
precipitation-hardening stainless steels had Kyic values below those of the other
steels examined.

Although the results summarized in Figures 24 through 30 provide repre-
sentative fracture toughness values which can aid in designing and selecting
material conditions to preclude brittle fracture, the inherent variability in the
KIC value as a function of heat of material must receive adequate consideration.
The scatter between heats can be as great as 30% and the material used for a
specific design should be evaluated prior to use to insure that abnormally low
fracture toughness do not exist.
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SECTION IV

SUMMARY AND CONCLUSIONS

Tests were conducted using the precracked notch bend test to determine
Kig for a variety of high-strength materials. The ultimate goal of the program
was to develop suitable fracture toughness values for presentation in handbook
form. The materials evaluated included:

1)  AISI Alloy Steels (4340 and 4140)
2) 5 Cr-Mo-V Steels,

3) Precipitation-Hardening Stainless Steels (17-7PH, 15-7Mo,
17-4PH, AM 355), and

4)  Titanium Alloy (Ti-6A1-4V).

At least two heats of each material were tested over a range of strength levels
and test temperatures between -100 and 4#200°F. The 4340 Alloy Steel showed good
agreement between heats and slightly higher average KIC values than 4140 steel.
At the higher strength levels the 5 Cr-Mo-V steel had a fracture toughness less
than 4340 steel however below approximately 240 Ksi tensile strength, the two
materials showed comparable behavior. The 17-7PH, 15-7Mo, and AM 355 steels
showed similar trends in K;- as a function of strength level while the 17-4PH
had a significantly lower toughness.

An analysis of the low temperature data indicates that the decrease
in Ky that occurs with decreasing temperature cannot be accounted for solely
on the basis of the increase in yield or tensile strength.

The data for the materials evaluated were combined with the limited
K.~ data available in the literature to produce representative curves of Kis
as a function of both tensile strength level and test temperature. These curves
which could be presented as typical data in handbook form, would aid in the
selection of materials for reliable component performance.
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Criteria Used to Select Valid Kj~ Data

1. Notch Bend Test (3 or 4-point loading)

> 2
B=25 (K/FTY)
Major Span > 4W
a = (K/Fmy)?

- TY

2 Single-Edge-Notch Test

2
B 2 2.5 (K/Fqpy)
2
a 2 (K/Fpy)
Distance between loading pin holes > 3W

3 Center-cracked Plate Specimens

B> 2.5 (K/Frpy)?
> 2
a = (K/Fpy)
Distance between loading pin holes > 4W

4. Notched Round Bar

D= 4.4 (K/FTY)Z
d =0.707D
Length = 10D
CODE: B = specimen thickness; W = specimen width; a = crack size;
K = fracture toughness; Fyy = 0. 2% yield strength; D = major
specimen diameter, d = minor specimen diameter.
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TABLE A-2

SUMMARY OF SMOOTH TENSILE PROPERTIES, 4340 STEEL

Test . % Elong. % Red. in
Specimen Temp.( F) Fpy (Ksi) Fry (Ksi) (1" QL) Area
1A2 200 258.6 207.6 10.0 45.5
1B2 200 260.4 205.4 6.0 26.3
1C2 200 263.7 209.0 8.0 26.8
1A7 75 260.0 217 .4 11.0 53.1
1B7 75 264.4 217.2 7.0 30.3
1C7 75 266.6 226.1 8.8 3143
1B7T 75 266.2 223.3 11.0 L7.7
1A5 =50 269.8 231.0 13.0 551
1B5 =50 272.7 23342 8.0 29.9
1C5 =50 274.5 235.4 8.0 30.9
1A1 -100 276.0 235.4 10.0 5047
1B1 -100 280.3 235.2 8.0 28.5
1C1 =100 279.7 240.0 9.0 30.4
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TABLE A-4

SUMMARY OF SMOOTH TENSILE PROPERTIES OF L340 MATERIAL, CODE 2

Test Elong. % Red. in
Specimen  Temp. (°F) Fpy (Ksi)  Fpy (Ksi) (1n G.L.) Area
2A2 200 205.0 187.7 11.0 50.4
2R 200
202 200 203.6 185.L 11.0 50.5
2A7 75 211.2 197.7 13.0 51.L
2B7 75
2¢7 75 210.9 197.4 12.0 50.9
2A5 -go 218.9 205.0 11.5 L3.2
-50
2C5 -50 216.2 202.7 13.0 L7.8
2A1 -100 22,9 210.9 11,0 L6.5
2Bl -100
201 =100 220.7 206.1 10.0 3L.3
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SUMMARY OF SMOOTH TENSILE PROPERTIES, 4140 STEEL, CODE 3

TABLE

A-6

Test o
Specimen Temp.( F)

3A2 200
3B2 200
3C2 200
3A7 75
3B7 75
3C7 75
3A5 -50
3B5 -50
3C5 -50
3A1 -100
3B1 -100
3C1 -100

Fry (Ksi)

199.3
205.3
195.9

201.9
208.3
208.0

219.5
215.3
216.8

221.4
225.5
217.1
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176.1
182.1
172.6

182.3
191.1
189.7

199.8
199.9
198.7

204.6
208.7

% Elong. % Red. in

(1“ GoLc) Area
8.5 39.9
10.5 L48.8
9.0 41.3
10.0 L4.8
12.0 53.4
8.5 36.9
9.5 35 +6
115 51.7
8.5 34.6
1145 49.1
12.0 47.8
8.5 31 .2
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TABLE A-8

SUMMARY OF SMOOTH TENSILE PROPERTIES, 5Cr-Mo-V STEEL, CODE 4

Test % Elong. % Red. in
Specimen Temp, F Fry (Ksi) Fry (Ksi) (1" G.L.) Area
LA2 200 247.7 201.7 12.0 47.4
Lc2 200 247 .6 203 .4 10.0 34,2
LA7 75 260.4 212.6 12.0 51.9
Lc7 75 262.7 215.8 12.0 52.0
LC7T 7.5 252,2 204.0 11.0 45.9
L4AS =50 264.0 219.1 12.5 50.5
Lcs -50 265.5 213.7 10.0 46.4
LAl =100 278.5 231,1 12.0 46.6
4Cc1 -100 278.8 225.1 12.0 49.6
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TABLE A-11

SUMMARY OF SMOOTH TENSILE PROPERTIES, 5Cr-Mo-V STEEL,CODE 6

Test % Elong. % Red. in
Specimen Temp. (°F) Fry (Ksi) Fry (Ksi) (1" G.L.) Area
6A2 200 236.4 198.0 13.0 61.1
6A7 75 239.4 199.4 13.5 50.1
6A5 -50 260.1 210,1 10.5 50.1
6A1 -100 267 .8 219.8 12.0 52.5
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TABLE A-13

SUMMARY OF SMOOTH TENSILE PROPERTIES, 17-7PH, CODE 7

Test ¢ Elong. % Red. in
Specimen  Temp.(°F) Fry (Ksi) Fry (Ksi) (1* G.L.) Area
TA2 200 174.5 162.5 8.0 36.7
TR 200 174.2 161.5 7.0 16.8
7C2 200 176.8 157.6 11,5 36.5
TA7 75 183.1 164.0 10.0 32.L
TB7 75 198.2 181.3 10.0 25.7
7C7 5 187.1 156.6 10.0 36.4
TATT1 75 186.8 166.7 11,0 28.8
TATT2 75 185.7 159.5 10.0 3k4.2
TATT3 75 175.9 153.4 1.0 59
TAS -50 199.7 177.8 10.0 31.8
TBS -50 201.3 178.9 12.0 29.9
7c5 -50 190.1 15h.7 1.0 38.4
TA1 -100 205.9 180.3 11.0 30.6
7Bl -100 212.6 190.1 11.0 27.6
7c1 -100 207.1 179.8 11.0 31.8
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TABLE A-15

SUMMARY OF SMOOTH TENSILE PROPERTIES, 17-TPH, CODE 8

Test ¢ Elong.

Specimen Temp. (°F) Fpy (Ksi) Fpy (Ksi) (1" g.L.)
8A2 200 178.9 177.2 17.0
8R2 200 170.9 164.0 17.0
8c2 200 177.2 162.6 18.0
BA7 75 188.2 173.0 17.5
8BT7 75 179.0 163.7 18.0
8C7 75 187.9 164.3 18.5
845 -50 201.6 182.9 17.5
885 =50 189.1 161.6 18.5
8¢5 -50 201.1 167.9 16.0
8Al =100 207.3 186.0 20.0
8B1 -100 198.9 168.3 17.5
8cl =100 207.8 175.5 17.5
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Specimen

9A7-1

9B7-1
9B7-2

9c7

SUMMARY OF SMOOTH TENSILE PROPERTIES, 17-7PH, CODE 9

TABLE

A-17

Test o

Temp. ( F) Fry (Ksi)
75 198.2
75 199.6
75 197.5
75 198.7

69

Fory (Ksi)
183.4

181.1
179.8

175.7

% Elong.
(1" G.L.)

10.0

13.5
13.5

15.0

% Red. in
Area
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TABLE A-19

SUMMARY OF SMOOTH TENSILE PROPERTIES, 17-7PH, CODE 10

Test % Elong. 4 Red. in
Specimen Temp.(°F) Fpy (Ksi) Fpy (ksi) (1» Gg.L.) Area
10A7-1 75 222.3 206.4 13.5 35.8
10A7-2 75 223.1 206.7 15.0 36.5
10B7-2 75 220.6 210.8 14.0 41.9
10C7-2 75 224.3 213.2 14.0 37.6
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TABLE A-21

SUMMARY OF SMOOTH TENSILE PROPERTIES, PH 15-7 Mo, CODE 11

Test % Elong. % Red. in
Specimen Temp. F Fry (Ksi) Fry Ksi) (1" G.L.) Area
11A2 200 193.2 185.5 6.5 26.6
11B2 200 174.9 166.2 8.0 32.4
11A7 75 205.0 195.1 8.5 33.2
11A7T 75 190.1 183.3 5.0 30.0
11B7 75 194.0 13.5 34.4
11B7T 75 205.7 196.2 9.5 28.1
11A5 =50 212.9 203.2 8.0 28.0
11B5 =50 192.8 183.5 7.0 31.3
11A1 -100 206.7 199.7 7.0 32.8
11B1 -100 212.9 203.4 9.5 27.3
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TABLE A-23

SUMMARY OF SMDOTH TENSILE PROPERTIES, PH 15-7Mo, CODE 12

Test % Elong. % Red. in
Specimen Temp.(°F)  Fpy (Ksi)  Fpy (Ksi) (1% G.L.) Area
1242 200 223.6 196.1 9.5 32.8
1282 200 217.6 191.6 8.5 28.5
12A7 75 235.5 206.8 11,0 30.9
12B7 75 230.0 203.h4 11.0 23.h
1285 -50 243.8 222.4 10.0 11.3
12A1 =100 Broke in Threads
1281 -100 250.3 231.6 11.5 22.8

75



1°z £°6 80° 09° 7°0S 1°Lh 0£9°¢ I1I 891° 0sL* 0s¢L* “ €-L9hl

GS* A%} Sh6T FI1 102*® 6htL* 6tL*® “ Z-Lghl
8L* 6°09 0€9°¢¢ 111 9¢€z* 6trL® 6h1L" “ I-49h1
9°1 0°8 60° S9° 1°¢€S 8°61 0ST¢h TII1 b < g U7 SSL” “ €= LVhL
S9° z 6t (0} VA4 II1I £9C° hsL® UiTA “ ¢-Lvhl
z8° ©°09 5962 II 00g* GSL® GGL*® “ T-Lvhl
AN S L°h 91° £8° 0°€9 1°6S 00g‘t I1X 6L1° 6t1L” 6tL* “ €-L9ET
S6° L° L9 008°¢¢ I 1se* 0sL* 6t1L"® “ ¢-L9El
88° 1°29 00L¢€ I cee” 9tL® 6hL*® “ 1-/4¢€1
¢ 1 L*h 91° 88° 8°¢9 S°€9 008t I €LT® hsL® €GL" “ €-LVEL
68° t° €9 0S6°¢€ | 8z¢* Ui TA LT “ ¢-Lvel
06° TN 9°4#9 00t ‘H I €0zC* 7 tsL® SL T-4vVeEl
— a P/ (uzp 15y Oly) (sar) 2d4y, (u1) (®) (un)‘m  (ur)‘g g cdwey  udmroadg
Oe q (d) otT3ey D ssauy8noJ, 2anjoelyg peo] 2Aaany yazBue yoean YIPIM Jo1YgL, 3189],

.G = NVdS dOLVW “ONIAVOT INIOd-AF¥HI "1 PUB €1 SHA0D ‘THILS OW £-ST Hd °VLVI SSINHONQL FIALOVYA

tZ-v  dT4VL

76



TABLE A-~25

SUMMARY OF SMOOTH TENSILE PROPERTIES, PH15-7Mo, CODES 13 & 14

Test % Elong. % Red. in
Specimen Temp. (°F)  Fpy (Ksi) Fry (Ksi) (1" G.L.) Area
13A7 75 176.0%
13B7 75 180.0%
14A7 75 185.5 173.3 14,0 49,2
14B7-2 75 187.8 177.8 13.0 49.0

* Taken from Hardness Readings.
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TABLE A-27

SUMMARY OF SMOOTH TENSILE PROPERTIES, 17-4PH, CODE 15

Test % Elong. % Red. in
Specimen Temp. F Fry (Ksi) Fry (Ksi) (1" G.L.) Area
15A2 200 179.1 148.1 15.0 55.3
15B2 200 190.0 161.0 1240 L40.5
15A7 75 191.6 167.7 13.0 54.8
15B7 75 196.6 170.1 13.0 45.5
15A5 =50 207.9 182.8 18.0 54.6
15B5 =50 216.7 189.0 16.0 41.5
15A1 -100 214.3 189.8 18.5 53.6
15B1 -100 220.6 194.5 16.0 41.8
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SUMMARY OF

TABLE A-29

SMOOTH TENSILE PROPERTIES, 17-4PH, CODE 16

Test°
Specimen Temp.( F) Fry (Ksi)
16A7 75 205.0
16B7 7:5 209.7

81

Fry (Ksi)

189.7

209.0

% Elong.
(1" G.L.)

18.0

18.0

% Red. in
Area

58.1

56.2
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Table A-31

SUMMARY OF SMOOTH TENSILE PROPERTIES, AM 355 STEEL, CODE 17

Test° % Elong. % Red. in
Specimen Temp. F Fry (Ksi) Fry (Ksi) (1" G.L.) Area
17A2 200 165.2 152.5 14.0 57.2
17B2 200 166.0 152.4 17.0 62.8
17A7 75 174.7 162.2 18.0 59.0
17B7 75 178.9 166.7 17.0 55.8
17A7t-1 75 176.0 164.4 17.0 59.0
17A7t=-2 75 176.8 161.7 19.0 57.5
17A5 =50 196.1 177.6 20.0 53.9
17B5 =50 194.3 174.9 20.0 58.4
17A1 -100 197.7 180.3 20.0 56.5
17B1 -100 203.1 183.2 18.0 54.1
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TABLE A-33

SMOOTH TENSILE PROPERTIES, AM 355 STEEL, CODE 18

Test % Elong. % Red. in
Specimen Temp. (°F) Fry (Ksi) Fry (Ksi) (1" G.L.) Area
18A7-1 75 179.2 170.2 15.0 L6.0
18A7-2 75 181.6 171.9 15.0 L4 .4
18B7 75 169.1 159.8 19.0 60.8
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TABLE A-35

SUMMARY OF SMOOTH TENSILE PROPERTIES, AM 355, CODE 19

Test % Elong. % Red. in
Specimen  Temp. F Fry (Ksi) Fpy (Ksi) (1" G. L.) Area
19A2 200 171.8 159.9 150 5541
19B2 200 168.3 153:7 14.0 58.5
19A7 75 183.0 1717 15.0 52.6
19B7 75 174.1 162.9 17.0 56.3
19A5 -50 192.2 174.5 20.0 53.8
19B5 -50 200.8 183.6 16.0 52:3
19A1 -100 197 .4 176.5 17.0 50.8
19B1 -100 200.2 182.3 18.0 53.1
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TABLE A-37

SUMMARY OF SMOOTH TENSILE PROPERTIES, Ti6A1-4V, CODE 20

Test % Elong. % Red. i-

Specimen Temp.( F) Fry (Ksi) Fry (Ksi) (1" G.L,) Area
20A2 200 159.1 148 4 540 6.9
20B2 200 153.7 141.0 2.5 146
20C2 200 152..6 138.0 3.0 7.3
20A7 75 156.7 - - -
20B7 75 174.9 167.2 2,0 5.3
20C7 75 169.2 157.9 2.0 6.3
20A5 =50 143.9 - - -
20B5 -50 176.1 174.8 0.5 -
20C5 =50 188.8 176.7 2.0 2.1
20A1 -100 189.8 185.0 0.5 .6
20B1 -100 179.6 - 0.5 -
20C1 -100 184.3 173.2 30 4.9
20A7 -1 75 156.6 148.2 14.0 45,5
20B7-1 75 162.5 153.6 19.0 LO. 4
20C7-1 75 154.1 141.3 12.0 39.6

90



punoy Yd3oN - AN
Butpeo *3d ¢ ‘pueg Yd3oN - €8N
yojoN 28pg 2[B8uls - NIS ?sIPASURL] - I
YOJOoN I23UP) - ND Teutpn3tduol - T ¥
11 i 00°t SL5°0 0SL°0 0°0t N S92 0°9€2 1d “ "
11 W 00°# SL5°0 0SL°0 0°6€ aw s92 0°9€2 14 W W“
1t i 00°% SL5°0 0SL°0 8°LT a 082 0°8€T 14 “ @
11 W 00"t SL5°0 0SL°0 L°92 aw 082 0°8€T 18 “ “
8 " 00°€ SLEO S0S°0 8° 1t aw 682 0°s6L 00€ “ "
8 “ 00°€ SLE®O S0S°0 £ 8h a 782 L°912 002 e “
8 " 00°€ SLE®O S05°0 S°SS a 182 0°1zz St " "
8 " 00°€ SLE®O $05°0 (3841 N [4:14 9°612 of v “
8 " 00°€ SLE®O S05°0 n°zh aw 982 h*tze St W "
8 " 00°€ SLE®O S05°0 9°0t a 062 4°sZ2 001~ aeg *eIlQ-,1 "
6 “ 0s°¢€ 00S°0 005°0 1°6h £aN HST 1°912 13 1 “ “
6 “ 0s°¢ 005°0 005°0 6°8% £aN LiT4 1°912 1y 1 W =
6 " 0s°¢ 005°0 00S°0 £ oh €EN LIT4 1912 14 1 “ W
6 @ 0s°€ 005°0 005°0 6° Lt £aN 0Lz z°82t 13 1 “ G
6 " 0s°€ 005°0 005°0 0°Lh €8N 0Lz z°8e2 14 1 " i
6 i 0s°€ 005°0 005°0 0°Sh caN 0Lz z°822 1y 1 “ s
6 W 00°8 000°2 £25°0 S €S NHS 7Sz 0°912 13 1 12 “
6 " 00°8 000°2 025°0 #°0S NHS €92 1°zze ¥ 1 “ "
6 " 00°8 000°2 £25°0 0°0S N3 S €92 1°zee 1y 1 " "
6 s°z 00°8 000°2 S15°0 1°sh NES €92 1°zze 1y 1 329Ys ,,529°0 "
€1 z°¢ 0L0° 00°8 000°2 €S1°0 (3411 NO €92 6°80¢ 1y 1 W ”
€1 9°z 850° 00°8 000°2 0S1°0 S°€S NO €92 ze1ze ;| 1 G ”
€1 0°s z€0° 00°8 000°2 8S1°0 1°6¢ NO 782 8°912 13 1 “ W
€1 L°2 950° 00°8 000°2 0S1°0 €°1s NO 782 8°912 1 1 329Ys ,,052°0 i
ot St zzo0° 81 z'e 1 €6 £aN siz 661 St T % W
ot z°6 110° 81 A A 1 oL £aN zee €1z SL 1 23erd 1 “
6 6°1 8L0° f 00°1 Lh1° €19 NHS S €92 (A K44 SL 1 “ W
6 0°¢ SL0° f 00°1 VAN 8°09 NHS S €92 z1ze St 1 " "
6 6°1 6L0° f 00°1 shi® 0°19 NES 0°282 8°912 St 1 s "
6 s°z 090° f 00°1 AN z°€s N3 S 0°282 8°912 St 1 322ys ,,052° "
8 8°C SZ0° 8 sL°1 0L0° 8°G¢ NO 4°882 £°LTT 001~ T W i
8 LT 9z0° 8 sL°t 0L0° 0°9¢ NO 0°682 s tze St 1 . i
8 €€ 1z0° 8 SLTL 0L0° 8°z¢ NO 4562 0°922 001~ 1 323ys ,,0£0° oten
323 d ALz 1 M € *utAy xx 2dAL (1s3)y3Buaaig (Ts))y3IBueaig a, -dweg ¥UOTIBIURTIQ wiog 1eTI23eR
g ] yisuaT YIPTM " SUNUL oIy uauwroadg 21TsU” PIRIX 3831 383

(UT) 2215 ulduwidadg

STIALS OLLISNALEVW A0TIV MOT ¥0d OIN 40 VIWI HEALVEALIT 40 AAVAWAS

8¢~V ATAVL

91



6 m 00°S 000°1 000°1 €°Gh €aN ote 1°91¢ £La ¢ " m

6 " 00°S 000°1 000°1 S*hS £aN ote 1°91¢ €Ly i ¢ " “

6 " 00°S 000°1 000°1 ©1°0S €EN owe 1°91¢ €Ld ! “ "

6 m 00°S 000°1 000°1 L°6h €aN S92 7°87¢ €Ly  * " "

6 “ 00°S 000°1 000°1 1°0S €4N S92 z°8tt JLyd i ° @3e1ld ,SC°1 “
11 m 00°h SLS°0 0SL°0 G°SS aN 0€e 0°L12 R | u m
11 " 00°t SLS°0 0SL°0 S°19 AN 0€eC 0°L12 I3 " "
11 " 00°t SLS°0 0S.°0 8°9+ N st 0°62¢ iR u "
11 s*z 00°t  SLS°0 0SL°0 0°Lh AN she 0°62¢C 13 Jeg °®Id-,1 onen
*39y d mc.mw o ) g ‘ur Ay xx 244 (1sy)yadweadg  (Tsy)yBueaig g dweg ¥UOT3BIUDTIQ wiog 1eTI23ER

g ¥="y y3suel  YIPIM " SuyYL OIy uemtoadg 21TsU”dL PTIRTX 3saL 3831
4 (*u1) 2215 ulwIoadg

(PonuTiuo)d) 8e-v ATHVL

92



punoy Yo3joN - dN
Burpeor °3d ¢ ‘pueg Yd3IoN - €EN
yojoN 28pg 218uls - NIS 2sI2A8URIY - I
YOJON I23UB) - ND  xx 1euUTPN3ITBUOT - T
6 0S°€  000°T 000°1 9°19 £aN 827 zo 6l 1y b “ ..
6 0S°€ 000°T  000°1 L°8L £aN 144 z°h6l 13 1 “ “
6 0S°€  000°1 000°1 S*9L €8N 8zt zh6l B b W “
6 0S°¢  000°1 000°1 (AR ¥ £aN 872 z 61 13 1 i i
6 0S°€  000°1 000°1 1°08 £aN 87t z 61 1y 1 " A
6 0S*€ 000°T  000°1 1°¢L £aN 144 zh6l ¥ b " "
6 0S$°¢  000°1 000°1 8°99 £EN 872 zh6l 1¥ b “ “
6 0°92 820° 0S°¢  0SL°0 0SL°0 1°8¢ €8N 0Lz 0°sze 1y L " "
6 0S*€  0SL°0  0SL°0 ©°sg £aN 0Lz 0°sze 13 L " "
6 0S°€ 0SL°0  0SL°0 1° L€ £EN 0Lz 0°szz hR: L " o
6 0S°€  0SL°0 0SL°0 L°€€ £aN 0Lz 0°szz 1y I “ "
6 0S*€  0SL°0 0SL°0 0°sh £aN 0Lz 0°sze 1y 1 " i
6 0S°€  0SL°0 0SL°0 £°LE €aN 0Lz 0°sze 1d L “ "
6 0S°€  0SL°0 0SL°0 £°6€ £aN 0Lz 0°szz 1y L " "
6 0S°€  0SL°0  0SL°0 0°8¢ £EN 0Lz 0°sze 1¥ L 121116 P23103
2aenbg ,,00°8 %
8 00°€  SL£°0=P 00S°0=a 0°trh aw LT L*L0T St 1 " "
8 00°€  SLE*0=P 00S°0= 0°6% W 8°7ST LH1T 00€ 1 " "
8 00°€  SLE*0=P 005°0=a S*ih a 8°€92 L°612 007 1 " "
8 00°€  SL£°0=P 00S°0=a 8°He b 0°0£2 z°82t St 1 “ M
8 00°€  SLE"0=P 00S°0=d 9°z¢ W 0°€L2 [A-TAA ot 1 o "
8 00°€  SLE°0=P 00S°0=a €742 w 0°182 1°s€2 St 1 “ “
8 00°€  SLE°0=P 00S°0=a H°oh aw 8°LLT 0°822 00€ T " "
8 00°€  SL£°0=P 00S°0=d t°s€ a 6°982 0°922 002 T " “
8 00°€  SL£°0=P 00S°0=a 0°sZ W 9° LT 0°ofz SL 1 " "
8 00°€  SLE*0=P 005°0=a 9°9z aw s*10¢ 0°912 ot 1 " "
8 00°€  SLE"0=P S/£°0=Q L°12 a L°80¢€ 0°152 St T  1eg *e1q .00°1 "
8 6°2 7620° 00°8 0SL°1 $80°0 S°ge 00 n°geT z°961 St 1 = .
8 sz 6€€0° 00°8  0SL°T $80°0 h°LE 00 0°6€2 L°20C 001~ 1 " "
8 1€ tL20° 00°8  0SL°1 $80°0 6°9¢ 00 #1°592 0°€22 St b W "
8 8°¢ szzo°* 00°8 0SL°T $80°0 [ 341> 00 9°19¢ (A %44 SL b § " "
8 €€ £hz0° 00°8 0SL°1 $80°0 1°s¢ 00 6°€9¢ f°sze oh T W i
8 0°s 6910° 00°8  0SL°1T $80°0 L°6C 29 8°0L2 he 1€z St i W i
8 £°S 6S10° 00°8  0SL°1 $80°0 £°0€ 00 #°082 (A4 001~ T W “
8 sz 8€€0° 00°8 0SL°1 $80°0 s*Th 00 8*18¢ 9°1€2 002 o “ a
8 9°g s10° 00°8  0S.°1 $80°0 L°8T 00 8°987 [AX 14 SL L W i
8 s°s s10° 00°8  0SL°1 $80°0 (A1 20 S 1627 6°Zht SL T P "
8 9°g s10° 00°8 0SL°1 $80°0 S*6C 00 9°16¢ z onz of 1 “ "
8 0°01 £600° 00°8 0SL°1 $80°0 S*He 00 ©1°00€ L Lhe St 1 " "
8 0°6 $600° 00°8 0S.°1 $80°0 71°ST 00 #1°80€ 9°LST 001~ T 323Ys ,,580°0 A=OR-10§
399 3 _Nr{_ T M : ‘UL ¥x 2441 (Ts¥)yYaBuRalg  (IsN)yasueaig 4, *dwep, ¥UOTIBIUDTIQ wiog 1eTI3ER
€ a=" 3 Yy3sueT  YIPTIM  *suyyr OIy uauwoadg 318U PT21X 389, 3s9L
4 (UT)?2z1g uowioadg
6£-V IT4VL
o1

TH4LS 11-H - SAOTIV Sno¥ddd ‘viwa

3 40 NOLLVINGVL

93




6 ©°88 £aN 877 8°¢6l Ly T " “
6 z°z8 CeN 827 8° €61 Ly B “ m
6 6°19 €4N 827 8°¢61l €Ly 1 M "
6 6°CL €aN 827 8°€61 Li 1 m M
6 0°88 £aN 87t 8°€6L Ly 1 “ "
6 S 1L €aN 82 8°¢6l £La 1 “ “
6 00°¢ LSE*0=P 00S°0=Q h* LT aN 08¢ [AN Y44 £Ld 1 " “
6 00°¢ LSE°0=P 00S°0=Q t°he aN 08¢ [Al Y44 £La g ! “ “
6 00°€ LS€°0=P 00S°0=Q 9° L1 GN 08¢ [l X44 Ld 1 n “
6 00°€ LSE®0=P 00S°0=Q [0 14 aN 08¢ [AR YA La 1 m “
6 00°¢ LS€°0=P 00S°0=0 S*1z AN 087 zT1ze £Lya | “ m
6 S°T 8°6¢ €aN 08¢ [AR Y44 £La 1 “ m
6 £°8¢ €aN 08¢ [Al Y44 €L 1 “ “
6 S°8¢ £aN 08¢ [AR Y44 La 1 w“ w
6 0°st €aN 08¢ z°1ze La 1 “ “w
6 Ss°s oftL*® 0S°€ 0SL°0 0SL°0 9°LL €aN 87 (A [ €Ly L " “
321114g pRBi0og
6 0s ¢ 000°1 000°1 9°19 €aN 877 z 6l £La €L axenbg ,,00°8 A-OR-ID0§
ALg 1 M g TUTA Y xx 3591 (Is))y3adulaig (1s¥)y3duaaag 4, cdueg, ¥UOT3BIURTIQ wiog Tetae3eR
* 399 ="y yasuo  YIPIM  °suyyL oIy uomtoodg 118Uy PIPIX 3891 31891,

[4

(UT)?2z1g uaduwroadg

(P,3u0D) 6¢-V ITHVL

94



6 1°¢ 00z°* 0S°€ 000°1 §29°0 T°9¢L 4N s6l L°TLL €L "
6 9°t SET” 0s°¢ 000°1 §29°0 €°LL aN L [44 1°102 L3 “
6 0s°¢ 000°1 ST9°0 6°€L €N 144 1°102 L “
6 01l 9s0° 0S°€ 000°1 SZ9°0 S°9% aN S€T 8°907 Ly “
6 9°H GEL”® 0S°€ 000°1 S29°0 w°ZL 4N it 1°102 €L “
6 0S°€ 000°1 §29°0 6°08 4N e 1°102 £Ld “
6 0S°€ 000°1 §29°0 9° L9 aN izt 1°102 1a “
6 whl €ho° 0S°€ 000°1 §29°0 1°8¢ aN 622 7°861 £Ld “
6 0S°€ 000°1 §29°0 S*th aN (Y44 ©°861 L “
6 0S°€ 000°1 SZ9°0 Lo eh aN 622 t1°861 L I211td
400°6 X ,00°6
ALg 1 M € ‘Ut AN ¥ 2441 (1sy)u3aBuealg (153)YyaBuaa3lg a, *dweg, ¥UOTIBIUDTID
* 398 ad= "3 yisuer yYIPTIM  *sWYL 3 uawto2dg 218U, PIRTIX 389 189, wiog 1eTIR3ER
[4

(UT) 2218 udwiodadg

—_
TIALS SS€ WV “VIW ok

Ot~V F1LVL

¥ J40 NOLLVINGVL

95



Unclassified
Security Classification

DOCUMENT CONTROL DATA - R&D

(Security classification of title, body of abstract and indexing annotation must be entered when the overall report ia classified)

1. ORIGINATIN G ACTIVITY (Corporate author) 2a. REPORT SECURITY C LASSIFICATION
Air Force Materials Laboratory, Research and

Technology Division, Air Force Systems Command, 2b. GRouP

Wright-Patterson Air Force Base, Ohio

3. REPORT TITLE

PLANE STRAIN FRACTURE TOUGHNESS DATA FOR HANDBOOK
PRESENTATION

4. DESCRIPTIVE NOTES (Type of report and inclusive dates)

May 1, 1966 to June 1, 1967

5. AUTHOR(S) (Last name, first name, initial)

Steigerwald, Edward A.

6. REPORT DATE 78. TOTAL NO. OF PAGES 7b. NO. OF REFS
July 1967 9 1
8a. CONTRACT OR GRANT NO. fa. 'omolNATQR'; REPORT NUMBER(S)
AF 33(615)-5001 AFML-TR-67-187
b. PROJECT NO.
7381 ‘
c. 9b. ngH::o:t,PONT NO(S) (Any other numbere that may be assigned
Task No. 738106
d.

10- AVAIL ABILITY/LIMITATION NOTICES This docyment is subject to special export controls and each
transmittal to foreign governments or foreign nationals may be made only with prior approval
of the Air Force Materials Laboratory (MAAM), Wright-Patterson Air Force Base, Ohio 45433
11. SUPPL EMENTARY NOTES 12, SPONSORING MILITARY ACTIVITY

It Force Materials Laboratory, Research and

Technology Division, Air Force Systems
Command, Wright-Patterson AFB, Ohio

13. ABSTRACT
n experimental program was conducted to determine the plane strain fracture

toughness (K|c) of the following classes of high-strength materials:

1. AISI Alloy Steels (4340, 4140)

2. 5Cr-Mo-V Steels

3. Precipitation-Hardening Stainless Steels (177 PH, PH 15-7 Mo, 17-4, AM 355)
4. Titanium Alloy, Ti-6Al-4V

The precracked notched bend test was used as the test method and several heats of
each material were evaluated over a range of test temperatures from -100 to +200°F. The
K1C values, obtained under conditions which were believed to provide valid plane strain
fracture toughness numbers, were compiled for possible presentation in handbook form. The
method of presentation involved plotting K| both as a function of material strength and
test temperature. The resulting curves provide representative K|c figures which can aid in
the selection of materials for reliable performance.

(Distribution of this abstract is unlimited.)

DD y 4NN 4 1473 Unclassified

Security Classification




Unclassified

Security Classification

KEY WORDS

LINK A LINK B LINK C

ROLE WwWT ROLE ROLE

Fracture Toughness
High Strength Steel

Titanium

INSTRUCTIONS

1. ORIGINATING ACTIVITY: Enter the name and address
of the contractor, subcontractor, grantee, Department of De-
fense activity or other organization (corporate author) issuing
the report.

2a. REPORT SECURITY CLASSIFICATION: Enter the over-
all security classification of the report. Indicate whether
‘“Restricted Data’’ is included. Marking is to be in accord-
ance with appropriate security regulations.

2b. GROUP: Automatic downgrading is specified in DoD Di-
rective 5200, 10 and Armed Forces Industrial Manual. Enter
the group number. Also, when applicable, show that optional
markings have been used for Group 3 and Group 4 as author-
ized.

3. REPORT TITLE: Enter the complete report title in all
capital letters. Titles in all cases should be unclassified.
If a meaningful title cannot be selected without classifica-
tion, show title classification in all capitals in parenthesis
immediately following the title.

4. DESCRIPTIVE NOTES: If appropriate, enter the type of
report, e.g., interim, progress, summary, annual, or final.
Give the inclusive dates when a specific reporting period is
covered.

5. AUTHOR(S): Enter the name(s) of author(s) as shown on
or in the report. Enter last name, first name, middle initial.
If military, show rank snd branch of service. The name of

the principal anthor is an absolute minimum requirement.

6. REPORT DATZ: Enter the date of the report as day,
month, year; or month, year. If more than one date appears
on the report, use date of publication.

7a. TOTAL NUMBER OF PAGES: The total page count
shouid follow normal pagination procedures, i.e., enter the
number of pages containing information

7b. NUMBER OF REFERENCES: Enter the total number of
references cited in the report.

8a. CONTRACT OR GRANT NUMBER: If appropriate, enter
the applicable number of the contract or grant under which
the report was written.

8b, 8¢, & 8d. PROJECT NUMBER: Enter the appropriate
military department identification, such as project number,
subproject number, system numbers, task number, etc.

9a. ORIGINATOR’S REPORT NUMBER(S): Enter the offi-
cial report number by which the document will be identified
and controlled by the originating activity., This number must
be unique to this report.

9b. OTHER REPORT NUMBER(S): If the report has been
assigned any other report numbers (either by the originator
or by the sponsor), also enter this number(s).

10. AVAILABILITY/LIMITATION NOTICES: Enter any lim-
itations on further dissemination of the report, other than those

imposed by security classification, using standard statements
such as:

(1) *“*Qualified requesters may obtain copies of this
report from DDC.”’

(2) *“‘Foreign announcement and dissemination of this
report by DDC is not authorized.”’

(3) ‘““U. S. Government agencies may obtain copies of
this report directly from DDC. Other qualified DDC
users shall request through

”"n

(4) *“‘U. S. military agencies may obtain copies of this
report directly from DDC. Other qualified users
shall request through

. ”

(5) ““All distribution of this report is controlled. Qual-

ified DDC users shall request through

If the report has been furnished tc the Office of Technical
Services, Department of Commerce, for sale to the public, indi-
cate this fact and enter the price, if known.

1. SUPPLEMENTARY NOTES: Use for additional explana-
tory notes.

12, SPONSORING MILITARY ACTIVITY: Enter the name of
the departmental project office or laboratory sponsoring (pay~
ing for) the research and development. Include address.

13. ABSTRACT: Enter an abstract giving a brief and factual
summary of the document indicative of the report, even though

it may also appear elsewhere in the body of the technical re- |
port. If additional space is required, a continuation sheet shall
be attached.

It is highly desirable that the abstract of classified reports
be unclassified. Each paragraph of the abstract shall end with
an indication of the military security classification of the in-
formation in the paragraph, represented as (TS), (S), (C), or (U).

There is no limitation cn the length of the abstract. How-

ever, the suggested length is from 150 to 225 words.

14. KEY WORDS: Key words are technically meaningful terms
or short phrases that characterize a report and may be used as
index entries for cataloging the report. Key words must be
selected so that no security classification is required. Identi-
fiers, such as equipment model designation, trade name, military
project code name, geographic location, may be used as key
words but will be followed by an indication of technical con-
text. The assignment of links, rules, and weights is optional

GPO 886-551

Unclassified

Security Classification





